The stress-inducible mammalian heat shock protein 70 (HSP70) and its bacterial orthologue DnaK are highly conserved nucleotide binding molecular chaperones. They represent critical regulators of cellular proteostasis, especially during conditions of enhanced stress. Cancer cells rely on HSP70 for survival, and this chaperone represents an attractive new therapeutic target. We have used a structure−activity approach and biophysical methods to characterize a class of inhibitors that bind to a unique allosteric site within the C-terminus of HSP70 and DnaK. Data from X-ray crystallography together with isothermal titration calorimetry, mutagenesis, and cell-based assays indicate that these inhibitors bind to a previously unappreciated allosteric pocket formed within the non-ATPbound protein state. Moreover, binding of inhibitor alters the local protein conformation, resulting in reduced chaperone−client interactions and impairment of proteostasis. Our findings thereby provide a new chemical scaffold and target platform for both HSP70 and DnaK; these will be important tools with which to interrogate chaperone function and to aid ongoing efforts to optimize potency and efficacy in developing modulators of these chaperones for therapeutic use.
M aintaining protein homeostasis (proteostasis) is central to the survival of all cells, and altered protein quality control is characteristic of many human diseases. Critical components in this regulatory network are the mammalian stress-inducible heat shock protein-70 (inducible HSP70, also called HSPA1A or HSP72), as well as its evolutionarily conserved bacterial orthologue, DnaK. 1−5 These molecular chaperones coordinate key processes needed to maintain protein quality, especially under conditions of increased cellular stress. Their activities include protein folding, protein transport across membranes, modulating protein−protein interactions, and preventing a buildup of toxic protein aggregates. These molecular chaperones protect against proteotoxic stress, and not surprisingly, therefore, they are key survival proteins, especially for tumor cells.
HSP70 and DnaK are part of an evolutionarily conserved family of 70 kDa heat shock proteins. 1−5 The proteins have an approximately 44 kDa N-terminal nucleotide binding domain (NBD), followed by a conserved flexible linker, and an approximately 25 kDa C-terminal substrate binding domain (SBD). Each major domain contains several dynamic subdomains. These molecular chaperones transiently interact with a multitude of diverse substrates, or clients, by binding exposed hydrophobic regions of partially folded or unfolded proteins. ATP binding induces conformational changes in the NBD subdomains, promotes interdomain docking between the SBD and NBD, and promotes high on−off rates for the substrate. 6−9 In contrast, when ADP is bound to the chaperone, the NBD and SBD are more loosely held together by the linker region. 3, 10 Allosteric communication between the NBD and SBD is critical to protein function; cycles of nucleotide binding and hydrolysis correlate with the binding and release of substrate, all of which are mediated by conformational changes in protein subdomains. The basic features of this allostery have been investigated for some time, often using Escherichia coli (E. coli) DnaK as a model. However, many key questions remain about the molecular details of this process, including whether inhibitors of these chaperones can interrupt this allosteric cycle.
Cancer cells are subject to an enhanced stress environment, and this promotes protein misfolding. Additionally, many cancer cells contain oncoproteins that contain missense mutations that can alter protein stability and conformation; thus, cancer cells are believed to be particularly dependent on the activities of HSP70 to maintain proteostasis. In support of this premise, HSP70 is constitutively expressed at elevated levels in most cancers, and silencing or inhibition of HSP70 has been found to be cytotoxic to many tumor but not normal cells. 2, 5, 11, 12 The preferential cytotoxicity of HSP70 inhibition for cancer cells is believed to relate to the modest to undetectable expression of this protein in normal cells, suggesting that there is a therapeutic index that can be exploited for preferential targeting of tumors. Indeed, HSP70 and DnaK have emerged as highly attractive targets for the development of new treatments for many human diseases, including microbial infections, neurodegenerative pathologies, and other disorders of protein folding. Despite a great deal of interest in the translational potential of small molecules that target these chaperones, identifying and characterizing effective modulators for basic research and therapeutic use has proven to be challenging. In particular, the dynamic nature and conformational flexibility of these molecular chaperones have complicated efforts to generate molecular data, which would inform structure-based design of improved inhibitors. 12−14 As a consequence, few selective inhibitors have been identified or are well-characterized at the structural and biophysical levels. 11−18 We previously reported that the small molecule, 2-phenylethynesulfonamide (PES), and a chlorinated derivative (PES-Cl), interact with HSP70 and DnaK, and are cytotoxic to tumor cells in a manner that requires HSP70. 19−21 Unlike most other HSP70 inhibitors characterized to date, we identified the interaction site for PES and its derivatives as the C-terminal substrate binding domain of HSP70. This is in contrast with most other HSP70 inhibitors, which interact with the Nterminal nucleotide-binding domain. 13, 18, 27 The SBD is less conserved among HSP70 family members, and our data indicate that PES and its derivatives do not interact with the organelle-specific members of this family, GRP75 and GRP78 (BiP), which are required for the viability of all cells. 5, 19 We have shown that these small molecules effectively inhibit HSP70 activities; importantly, this has now been confirmed by several other groups. 19−26 In this study, we carried out structure−activity relationship analyses to identify inhibitors with enhanced cytotoxicity and to define critical moieties that are required for the ability to inhibit HSP70 and DnaK chaperone activities. We report the identification of a new small molecule, triphenyl(phenylethynyl)phosphonium bromide (herein referred to as PET-16) that interacts with both HSP70 and DnaK, and alters in vivo function. We have successfully cocrystallized PET-16 with purified DnaK. Notably, our X-ray crystallographic data on PET-16 in complex with the C-terminal domain of DnaK, together with data from isothermal titration calorimetry and mutagenesis studies, now provide a model for how these compounds act as inhibitors of HSP70 as well as DnaK activity, by binding to a conserved region in these proteins and impeding substrate binding. These findings should facilitate efforts to further probe the physiologic functions of these molecular chaperones and support efforts to optimize potency and efficacy in developing HSP70 and DnaK modulators for therapeutic use.
■ RESULTS AND DISCUSSION Functional Moieties and New Inhibitor Identification. We previously reported that the small molecule PES (C 8 H 7 NO 2 S, MW 181.21; Figure 1A ) selectively binds to HSP70 and to DnaK, as demonstrated using "pull-down" assays with a biotin-tagged version of the molecule (B-PES, Figure  1A ). 19, 20 PES and a derivative, PES-Cl, also bind to in vitro translated HSP70, as well as to recombinant HSP70 and DnaK proteins, and this interaction is competed away with an untagged compound. 19−21 To identify important functional determinants of inhibitor activity, we used a structure−activity relationship approach. As the biological read-out of this approach, we used the preferential cytotoxicity in transformed cells over normal, nontransformed cells. As proof-of-principle, a small-scale analysis of approximately 50 compounds was performed. This analysis pointed to the phenyl group (aromatic moiety) and acetylene linker as key features of selective PEScytotoxicity in cancer cells ( Figure 1A ). Because HSP70 is present in many cellular compartments, including mitochondria, we designed a new molecule in which these key moieties are combined with a structural module, triphenylphosphine (TPP) bromide. The TPP moiety was selected in part because it has been shown to increase the cellular uptake of molecular probes across membranes. 28, 29 The resulting molecule, triphenyl(phenylethynyl)phosphonium bromide (C 26 H 20 BrP; MW 443.327), the bromine salt of this compound, herein referred to as PET-16 ( Figure 1A ), exhibits enhanced cytotoxicity and increased solubility in aqueous solutions relative to the parental compound PES.
In cytotoxicity assays, concentrations of PET-16 that inhibit the viability of a broad range of tumor cell lines have little effect on nontransformed cells, including normal human fibroblasts and primary human melanocytes ( Figure 1B and C; data not shown). For example, the IC 50 for PET-16 in several of the melanoma cell lines examined was ∼0.5−1.5 μM. In contrast, in primary melanocytes and fibroblasts the IC 50 was over 30 μM (data not shown). Additionally, the TPP moiety alone has little discernible effect on the viability of mammalian tumor cells ( Figure 1C ), as previously reported. 28 Because bacteria rely on a functional DnaK system to survive stresses such as elevated temperatures, we next tested the effects of PET-16 on the phenotype of E. coli. We found that this small molecule impairs bacterial growth ( Figure 1D and E); it also causes cell filamentation and reduced viability (data not shown), a phenotype that is identical to that of many DnaK mutants. 30, 31 In contrast, we did not detect an effect of TPP on the growth of E. coli ( Figure 1E ).
To confirm that PET-16 binds directly to purified HSP70 and DnaK proteins, we used the technique of isothermal titration calorimetry (ITC). Full-length recombinant proteins of HSP70 (aa 1−641) and DnaK (aa 1−638) were first pretreated with either ADP or ATP to assess whether the interaction of PET-16 might be influenced by different nucleotide-bound states of the protein. In addition, we also analyzed the interaction of HSP70 and DnaK with a wellstudied peptide that serves as a "client protein" (NRLLLTG). 32, 33 This peptide is well known to bind with high affinity when these chaperones are in the nucleotide-free and ADP-bound states but to have reduced affinity for the ATP-bound chaperone. 4,6,8,32−36 The ITC analyses revealed that PES and PET-16, similar to the peptide (Figure 2A ), exhibit a strong preference for the ADP-bound form of HSP70 and DnaK, with K d values of ∼3.8−6.8 μM ( Figure 2B −E). These small molecules also interact with the nucleotide-free HSP70 protein with comparable affinity (Supporting Information, Figure S1 and data not shown). In contrast, the interaction of the peptide or inhibitor compounds with the ATP-bound form of HSP70 or DnaK was markedly reduced ( Figure 2F−H) . Thus, the ITC data support a model wherein PES and PET-16 preferentially target a "non-ATP-bound" form of HSP70 and DnaK; this finding is consistent with a previous suggestion that PES inhibits a "non-ATP-binding" form of HSP70 involved in the activation of apo-neuronal nitric oxide synthase. 24 It is worth noting that crystallographic and NMR analyses indicate that the ADP-bound-and nucleotide-freeforms of DnaK are conformationally similar to each other and distinct from the ATP-bound state. 4, 7, 9, 10, 32, 36 Our ITC results contrast with a recent report that failed to detect a specific interaction between PES and HSP70 using ITC. 37 We attribute this discrepancy to the quite disparate experimental conditions employed, which are detailed and discussed in Supporting Information, Methods. Indeed, by optimizing the ITC protocol conditions, we are readily able to detect a direct, specific interaction between the small molecules and HSP70 and DnaK. Our ITC data are further supported by the identification of point mutants of HSP70 and DnaK that interfere with the binding of PES and PET-16, as presented below.
The ITC binding curves support a stoichiometry whereby one molecule of PES or PET-16 binds in a complex containing two molecules of ADP-bound HSP70 or DnaK ( Figure 2B−E) . Because our previous investigations showed that the small molecules directly bind to the C-terminal region of HSP70 (residues 386−616) and DnaK (residues 389−607), 19−21 recombinant proteins containing these domains also were employed in ITC experiments. We found that PET-16 also binds to the C-terminal domain of HSP70, exhibiting a K d of ∼2.9 μM ( Figure 2I ). In contrast, the TPP moiety alone does not bind to either HSP70 or DnaK SBD ( Figure 2J and data not shown). Using ITC analyses, we also discovered that preincubation of HSP70 with PES markedly reduces the binding affinity of the protein for PET-16 ( Figure 2K) . Similarly, presaturation of HSP70 with PET-16 also impairs the interaction of this protein with PES (data not shown). These data are consistent with the hypothesis that these chemically related compounds likely bind to the same site of the HSP70 protein. To further assess this possibility in vivo, we employed biotin-tagged PES (B-PES, Figure 1A ) in a pull-down assay, similar to our previously described investigations. 19−21 In this assay, cultured tumor cells were pretreated with PET-16 for 1 h prior to the addition of biotin-tagged-PES (B-PES). B-PEScontaining complexes were then captured using Avidin beads and then examined for the presence of HSP70 by immunoblotting. We found that pretreating cells with PET-16 clearly reduced the amount of HSP70 found in complex with B-PES ( Figure 2L ), as suggested by the ITC data ( Figure 2K ).
Crystallographic Data on the DnaK-PET-16 Complex. To better understand the structural basis for how these small molecules target HSP70 and DnaK, we sought to generate crystals of protein−inhibitor complexes suitable for analysis by X-ray crystallography. We obtained crystals of the SBD of DnaK (aa 389−607) in the presence of PET-16 in the P4 3 2 1 2 space group. The PET-16-DnaK crystals contained two molecules [referred to as molecule A (MolA) and molecule B (MolB)] per asymmetric unit cell and diffracted to 3.45 Å, which was also the refinement limit ( Figure 3A and Supporting Information, Table S1 ). During and following refinement, additional difference density was detected in MolB ( Figure 3B and Supporting Information, Figure S2A −E), but not in MolA ( Figure 3C ), of the DnaK, occupying a binding pocket formed by residues in strand β1 (L399) and loops LL,1 (L392 and P396), L6,7 (G482), and Lα,β (A503 and S504). This additional electron density in MolB was modeled as PET-16; we noted the electron-rich phosphine in the region of greatest electron density, the phenyl group and acetylene linker pointing into the binding pocket, and the TPP located out toward the solvent. This was consistent with additional rounds of crystallographic refinement ( Figure 3B molecules in each asymmetric unit exhibit distinct conformations ( Figure 3D ). Specifically, in MolB, the interactions among PET-16, strand β1, loop LL,1, and loop Lα,β bring residues L392, P396, and L399 closer to residue S504 by ∼3.1, 6.0, and 7.6 Å, respectively, relative to their positions in MolA ( Figure  3E and F). The model of PET-16 binding to only one of two molecules in the asymmetric unit cell of the crystals is consistent with the 1:2 stoichiometry observed in the ITC analyses ( Figure 2C and E) , suggesting that the observed crystallographic DnaK dimer that presents only one PET-16 binding site also occurs in solution. Other crystal structures have been reported in which ligands bind to only one of the two protomers of an asymmetric crystal cell. 38−40 This includes, for example, the inositol 1,4,5-trisphosphate (InsP 3 ) as well as the BRAF inhibitor PLX4032. 38, 39 We then focused attention on the DnaK molecule containing the modeled PET-16 (MolB); this complex is referred to as DnaK-PET-16.
Mutation Analyses Validate the Site of Inhibitor Interaction. Amino acids L392, P396, L399, G482, A503, and S504 are key residues that contact PET-16 in DnaK ( Figure 4A ). The former four residues are conserved and correspond to residues L394, P398, L401, and G484 in HSP70. Like A503 and S504 in DnaK, residues N505 and D506 in HSP70 also form the entrance to a conserved inhibitor binding pocket. 41 Our analysis indicates that PET-16 binds to this binding cleft (Region A, Figures 3D and 4A) , which is distinct from the canonical substrate-binding pocket (Region B, Figure  3D ). Mutation analysis provided additional experimental support for this inhibitor binding location. Specifically, single point mutants were introduced in the context of a full-length DnaK protein or at the corresponding residues of HSP70. The DnaK mutations tested include L392D, P396L, L399R, G482D, A503D, and S504A; those in HSP70 were L394D, P398L, L401R, G484D, N505D, and D506A. ITC analysis indicated that the presence of each of these mutations markedly reduced the affinity of these proteins for PET-16 as well as PES ( Figure  4B ).
We next tested whether the mutations described above would similarly impair the binding of PES to HSP70 in cultured cells. To do so, we generated constructs encoding hemagglutinin (HA) epitope-tagged recombinant HSP70 (residues 386−616 or residues 386−641) containing individual point mutations; some of these were predicted to alter critical contact residues, whereas others were chosen in unbiased fashion. In sum, the HSP70 mutants L394D, P398L, L401R, Y431A, N505A, N505D, D506A, A538I, and Y545D were generated. Each construct was transiently expressed in cultured tumor cells that were treated with a biotin-tagged version of PES (B-PES). Cell lysates were then assayed for the interaction between B-PES and mutant HA-HSP70 proteins in pull-down assays using Avidin resin, followed by immunoblotting using anti-HA antibodies ( Figure 4C and D) . The results demonstrate that mutation of HSP70 residues P398, L401, N505, and D506 each result in a reduced interaction between B-PES and HSP70 ( Figure 4C and D) . In contrast, mutation of residues Y431A, A538I, and Y545D does not discernibly alter binding ( Figure  4D ). In sum, the data obtained in these mutagenesis studies support the information provided by the X-ray crystal structure of DnaK-PET-16; they suggest that residues L394, P398, L401, G484, N505, and D506 in HSP70, as well as the corresponding residues in DnaK, represent important elements for the interaction of PET-16 and PES.
PET-16 Binding Pocket Is Present in the ADP-Bound Protein. Full-length DnaK structures, bound to either ADP or ATP, have recently been determined. 6−10 To gain additional insight regarding how the interaction between PET-16 and DnaK may impact the DnaK SBD, we overlaid structurally corresponding Cα atoms of the SBD of DnaK-PET-16 with the following reported structures: a full-length ADP-bound DnaK NMR structure (PDB code 2KHO) 10 and two full-length ATPbound DnaK X-ray structures (PDB codes 4JN4 and 4B9Q) 7, 9 (Supporting Information, Figure S3 ). From this analysis, we noted that the crystal structure of DnaK-PET-16 is substantially different from the ATP-DnaK-SBD structures (an overall Cα rmsd = 26.243 and 26.039 Å for 4JN4 and 4B9Q, respectively).
In the presence of PET-16, helices A and B of the SBDα do not form a continuous helix as noted in the DnaK-ATP structures (Supporting Information, Figure S3B and C). In contrast, the SBDβ domain of the DnaK-PET-16 structure is conformationally similar to the ADP-bound DnaK structure, except in loops LL,1 and Lα,β where PET-16 interacts. As shown, residue L392 in loop LL,1 and residue S504 in Lα,β are closer together by ∼7.7 Å relative to the corresponding residues in the ADP-state in the absence of PET-16 (Supporting Information, Figure  S3A ).
These combined observations suggest that the location of residues comprising the PET-16-binding-cavity is strongly influenced by allosteric changes in the protein. Indeed, topological analysis revealed that the binding cleft occupied by PET-16 is readily apparent in the ADP-state (Supporting Information, Figure S3D ) but is not available in the reported crystal structures of the ATP-form (Supporting Information, Figure S3E and F). This clear structural difference between the ADP-bound and ATP-bound forms of the protein is consistent with the preferential binding of PES and PET-16 to the non-ATP-bound conformation.
PET-16 Inhibits HSP70−Client Interactions, Both in Vitro and in Vivo, and Impairs Cellular Proteostasis. We next determined whether prior exposure to PES or PET-16 modulates the binding of peptide substrate to HSP70. On the basis of ITC analyses (Figure 2A ), NRLLLTG and ADP-bound HSP70 formed a 1:1 complex with a K d of ∼10 μM. However, we found that presaturation of ADP-bound HSP70 with either PES or PET-16 markedly reduces the affinity of HSP70 for the peptide substrate NRLLLTG (Figure 5A and B) . To extend these analyses, we determined whether the binding of HSP70 to PET-16 similarly alters HSP70−client interactions in vivo. We treated tumor cell lines with PET-16, affinity purified HSP70−client complexes, and examined HSP70−substrate interactions by SDS−PAGE followed by Coomassie staining. The results show that PET-16 markedly reduces the number of polypeptides that coimmunoprecipitate with endogenous HSP70 (Figure 5C and D) . Such a marked reduction in HSP70−client interaction would be predicted to disrupt overall cellular protein quality control and induce proteotoxic stress.
The chaperone activities of HSP70 are closely coordinated with the autophagy-lysosome and proteasome pathways, which mediate protein turnover and disposal. 42−44 These pathways act to prevent the accumulation of misfolded and aggregated proteins in cells. A dysregulation of the protein quality control machinery can lead to a toxic persistence of misfolded proteins. Indeed, electron microscopy confirms that tumor cells treated with PET-16, like PES, contain multiple double-membrane and single-membrane structures and multiple vacuoles, consistent with impaired autophagy. Some of the vacuoles harbor recognizable cytoplasmic content as well as amorphous, membranous, aggregated, or granular masses ( Figure 5E ). Consistent with this finding, immunoblot analysis of lysates from PET-16 treated cells reveals an increase in the abundance of a heterogeneous population of ubiquitinated polypeptides, especially in the detergent insoluble cell fraction ( Figure 5F ). Since ubiquitin often serves as a covalent tag to mark proteins for degradation, an accumulation of ubiquitinated polypeptides is indicative of impaired proteostasis.
We next investigated the requirement for HSP70 for the ability of PET-16 to cause accumulation of ubiquitinated polypeptides. In previous work, 19 we described a set of shRNAs that could successfully silence HSP70, leading to markedly reduced cellular HSP70 abundance and a concomitant abrogation of PES-mediated cell death in tumor cells. Accordingly, we used a similar approach here. Because treating cells with PET-16 leads to increased cellular levels of HSP70, this can complicate efforts to effectively reduce HSP70 protein abundance, especially over long periods. Nonetheless, using four distinct shRNA sequences, HSP70 expression was selectively reduced in the transfected cells, and this resulted in a clear decrease in the accumulation of ubiquitinated polypeptides in response to PET-16 ( Figure 5G ). Note that the HSP70 shRNAs were selective and had no effect on HSC70 expression ( Figure 5G ). These results further support HSP70 as the critical target of PET-16 action.
Concluding Remarks. Stress-inducible HSP70 and DnaK proteins are critical mediators of protein quality control that have been implicated in several human diseases. The chaperoning activities of HSP70 and DnaK are regulated by conformational changes associated with interconversion among ATP-bound, ADP-bound, and nucleotide-free states; these are influenced by substrate binding and release, cofactor interactions, and physiologic conditions. Agents or events that interfere with conformational flexibility are predicted to impair chaperone function. Here, we generated crystals of the Cterminal domain of DnaK, both alone and in complex with either a peptide substrate or inhibitor (Supporting Information, Tables S1, S2, and S4). Our data provide evidence that the small molecule PET-16, described herein, represents an inhibitor class that binds within a conserved C-terminal binding pocket of the HSP70 and DnaK proteins; this pocket is distinct from the site of chaperone−substrate interaction and is evident only in the non-ATP-bound protein conformation. Changes in local protein environment are apparent in the PET-16-bound versus unbound state (Figure 3 and Supporting Information, Figures S3−S5) . Previous investigations, using either mutation analyses or structural studies, have established the importance of the residues within loops LL,1, L6,7, and Lα,β of DnaK for allosteric coupling of NBD and SBD, the interaction of chaperone with the critical HSP40 cochaperone, or overall bacterial viability. 6, 8, 9, 45, 46 It is reasonable to suggest, therefore, that by binding to this well-conserved C-terminal binding pocket, the inhibitors disrupt the conformational flexibility between the SBDα-SBDβ and/or NBD-SBD interface needed for allosteric regulation and proper chaperone function. In support of this premise, we find that these small molecules reduce the survival of mammalian tumor cells, impair bacterial growth, modulate cellular interactions between HSP70 and cochaperones, and alter interactions with substrates. The combined data are consistent with the following working hypothesis: by locking (or prolonging) HSP70 and DnaK in a particular conformational state, these small molecules negatively impact the substrate binding/release cycle of HSP70 and DnaK allostery. Indeed, the inhibitors may function in a manner that may impart a "gain-of-function" phenotype, resulting in the accumulation of aggregates and misfolded proteins in detergent insoluble cell fractions, possibly in association with the chaperone itself. Also, while PES and PET-16 share many properties, ongoing investigations point to differences as well. It is anticipated that the various mutant forms of DnaK and HSP70 generated in this investigation, as well as the inhibitor compounds described, will have direct utility for future in vitro and in vivo studies aimed at dissecting the role of the binding region and particular amino acid residues in chaperone activities, such as allostery regulation, substrate binding/release, and interaction with particular cochaperone mediators. The new information obtained provides a timely and useful molecular platform to inform the structure-based design of additional modulators that preferentially target the C-terminal binding pocket of HSP70 and DnaK proteins to alter the chaperone−client network, with potential application to human disease. Our work represents an important step toward the goal of moving these compounds into therapeutic use. ■ ASSOCIATED CONTENT * S Supporting Information Methods, PET-16 binding directly to the nucleotide-free HSP70 protein; data collection and refinement statistics for the DnaK-PET-16 structure, unliganded DnaK structures, and the substrate-bound DnaK structure; X-ray crystal structure of the DnaK-PET-16 complex; summary of comparative analyses; and PET-16 binding modulating the DnaK structure relative to the unliganded form and the substrate-bound protein. This material is available free of charge via the Internet at http:// pubs.acs.org.
